Genes involved in nodulation competitiveness (tfx) were inserted by marker exchange into the genome of the effective strain Rhizobium leguminosarum bv. trifolii TAl. Isogenic strains of TAl were constructed which differed only in their ability to produce trifolitoxin, an antirhizobial peptide. Trifolitoxin production by the ineffective strain R. leguminosarum bv. trifolii T24 limited nodulation of clover roots by trifolitoxin-sensitive strains of R. leguminosarum bv. trifolii. The trifolitoxin-producing exconjugant TA1::10-15 was very competitive for nodulation on clover roots when coinoculated with a trifolitoxin-sensitive reference strain. The nonproducing exconjugant TA1::12-10 was not competitive for nodule occupancy when coinoculated with the reference strain. Tetracycline sensitivity and Southern analysis confirmed the loss of vector DNA in the exconjugants. Trifolitoxin production by TA1::10-15 was stable in the absence of selection pressure. Transfer of tfx to TAl did not affect nodule number or nitrogenase activity. These experiments represent the first stable genetic transfer of genes involved in nodulation competitiveness to a symbiotically effective Rhizobium strain.
Inoculation of legume plants with superior strains of Rhizobium often fails to improve legume productivity. This failure is caused by the ability of ineffective or inefficient native strains of Rhizobium to prevent nodulation by the inoculum strains (9, 11, 17, 24, 25) . Several laboratories are working on various strategies to address this problem. In this laboratory, we are characterizing the production of a very potent antirhizobial compound, referred to as trifolitoxin, which is produced by Rhizobium leguminosarum bv. trifolii T24 (20) (21) (22) (23) .
Trifolitoxin production by T24 limits nodulation of clover roots by other strains of R. leguminosarum bv. trifolii (19, 21) . Strain T24 is not useful as a solution to the Rhizobium competition problem since it induces ineffective nodules on clover. The trifolitoxin genes have been cloned and transferred to effective strains of Rhizobium by conjugation of a recombinant plasmid, pTFX1, which possesses the genes necessary for trifolitoxin production and resistance (20) .
However, recombinant plasmids based on pLAFR1 or pLAFR3, such as pTFX1, are commonly unstable in the absence of selection pressure (13, 15) . Thus, Rhizobium transconjugants with pTFX1 are not likely to be able to limit nodulation by trifolitoxin-sensitive indigenous strains of Rhizobium under agricultural conditions where tetracycline application is impractical. Although pTFX1 has been transferred to effective strains of Rhizobium (20) , the nodulation competitiveness of the Rhizobium pTFX1-carrying transconjugants has not been tested because of the suspected instability of pTFX1 following inoculation on legume roots. Experiments to test the nodulation competitiveness of trifolitoxin-producing, effective rhizobia have been delayed until the trifolitoxin production and resistance gene (tfx) has been inserted stably into the Rhizobium genome.
Two methods are now available for the insertion of foreign genes into the chromosome of rhizobia and other gramnegative bacteria. One such method is that described by * Electronic mail address: triplett@wiscmac3. Barry (2, 3) , who has developed transposon Tn7 vectors for this purpose In this article, the stable insertion and expression of the trifolitoxin genes into an effective strain of Rhizobium by a marker exchange event that utilizes homologous DNA present in pTFX1 are described.
MATERIALS AND METHODS
Bacteria and plasmids. The bacterial strains and plasmids used in this work are listed in Table 1 .
Bacterial growth conditions. Rhizobium strains were cultured at 28°C on Bergersen synthetic medium (BSM) as described by Bergersen (4) . Strains of Escherichia coli were cultured at 37°C on Luria-Bertani (LB) medium. Antibiotics were added as needed at the following final concentrations: kanamycin, 50 ,ug/ml; tetracycline, 12.5 ,ug/ml; spectinomycin, 50 ,ug/ml; streptomycin, 50 Fig/ml ; gentamicin, 25 ,ug/ml; nalidixic acid, 10 ,ug/ml; and neomycin, 75 ,ug/ml.
Bacterial conjugations. Conjugation of the pTFX1::TnS mutants into Rhizobium strains was performed as described previously (21) DNA isolation. Large-scale plasmid preparations were purified by the boiling method described by Holmes and Quigley (12) . For restriction analysis of small amounts of plasmid DNA, plasmids were purified by the alkaline lysis method described by Ausubel et al. (1) . Total genomic DNA from strains of Rhizobium was isolated as described by Ausubel et al. (1) . The plasmid pTFX1 was mapped by TnS mutagenesis and restriction enzyme analysis as described previously (23) .
Marker exchange. The method of Ditta (8) was used for the marker exchange of the trifolitoxin genes into the genome of R. leguminosarum bv. trifolii TAl (Fig. 1) . The incompatible plasmid pPHlJI was conjugated into two TAl transconjugants with pTFX1::TnS. The conjugation was interrupted on BSM prepared in Noble agar and supplemented with gentamicin, kanamycin, and spectinomycin. The resulting exconjugants were replica-plated on BSM with tetracycline. The tetracycline-resistant colonies were discarded.
Determination of the stability of trifolitoxin production in the absence of selection pressure. Strains T24, TA1(pTFX1), and trifolitoxin-producing TA1(pTFX1: :TnS) transconjugants and TAl::TFX-TnS exconjugants were streaked to single colonies on BSM medium in the absence of selective antibiotics. After 2 days of incubation at 28°C, a portion of the confluent growth on the plate was suspended in water, and 5 ,ul of that suspension was spotted in the center of a BSM plate for the assay of trifolitoxin production. A single colony from the initial plate was used to inoculate a second plate. After 2 days, confluent growth on the second plate was used to assay trifolitoxin. The assays continued for 10 such purifications to single colonies or until trifolitoxin production was no longer observed.
Southern analysis. Total DNA of the TAl exconjugants was digested to completion with EcoRI. The fragments were separated by gel electrophoresis and blotted onto a nylon membrane (Nytran; Schleicher & Schuell, Keene, N.H.). The blot was then probed with a digoxigenin-labeled pLAFR3 probe as described by the manufacturer (Genius Kit; Boehringer Mannheim Corp., Indianapolis, Ind.).
Plant culture and inoculation. Clover plants were cultured and inoculated as described previously (21 Table 2 reflect the actual ratios of CFU calculated from dilution plating.
Strain nodule occupancy. Four weeks after inoculation, nodules were harvested and the root nodule bacteria were isolated as described previously (21) with the exception that kanamycin was not added to the medium. The rhizobia were isolated from every nodule of every plant in the experiment. Strains in each nodule were identified by colony morphology (Fig. 1) , kanamycin resistance, and trifolitoxin production. Each isolate was examined for all three properties. The TAl exconjugants had the same colony morphology as wild-type TAl.
Nitrogenase activity. Nitrogenase was assayed as described previously (21). 
RESULTS
Mutants chosen for the marker exchange experiments. Two pTFX1::TnS mutants were chosen for the construction of isogenic, effective strains of Rhizobium which differed only in their ability to produce trifolitoxin. With such exconjugants, the contribution of trifolitoxin production to competitiveness was accurately assessed in an effective strain. One of the pTFX1::TnS mutants, pTFX1::10-15, contains a TnS insertion immediately adjacent to the tfx region (Fig. 2) . This insertion had no effect on the ability of pTFX1::10-15 to confer trifolitoxin production and resistance following conjugal transfer to Rhizobium spp. The other mutant, pTFX1: :12-10, contains a TnS insertion at the edge of the tfx region, 0.5 kilobase (kb) away from the Tn5 insertion in pTFX1::10-15 (Fig. 2) . The insertion in pTFXl::12-10 prevented the expression of trifolitoxin production in Rhizobium spp. following conjugation. The pTFX1::12-10 insertion had no effect on trifolitoxin resistance.
Stability of the Qfx-containing exconjugants. The stability of these exconjugants was demonstrated by purifying the exconjugants 10 times to single colonies on nonselective medium. After each purification, the strains were assayed for trifolitoxin production as well as for kanamycin and spectinomycin resistance. The TAl::10-15 exconjugant maintained trifolitoxin production throughout the experiment (Fig. 3) .
The stability of trifolitoxin production by TAL::10-15 was very similar to that of wild-type T24 (Fig. 3) . Kanamycin resistance, which is an indication of the presence of TnS, was also maintained. Spectinomycin resistance was lost after six purifications. This suggests the instability of the incompatible plasmid, pPHlJI, in the absence of selection pressure. As expected, the TA1::12-10 exconjugant maintained kanamycin resistance and failed to produce trifolitoxin throughout the experiment (Fig. 3) . This suggests that the TnS insertion present in the tfx region of TA1::12-10 did not transpose to another region of the genome. As with the trifolitoxin-producing exconjugant, this exconjugant also lost spectinomycin resistance after six purifications.
The stability of the exconjugants was in sharp contrast to the stability of TAl transconjugants, which possessed tfx on a recombinant plasmid. In these transconjugants, trifolitoxin production was lost after four purifications in the absence of selection pressure (Fig. 4) .
Southern analysis of exconjugant DNA. Total DNA from the TAl exconjugants was cleaved with EcoRI and hybridized with a digoxigenin-labeled pLAFR3 probe. No hybridization was observed (data not shown), which suggests that the vector DNA is absent in the exconjugants.
Symbiotic effectiveness of the TAl exconjugants. Clover plants inoculated with either exconjugant were Fix'. The mean acetylene reduction rates (± standard error) for clover plants inoculated with wild-type TA1, TA1::10-15, and TA1::12-10 were 1.20 (+0.14), 1.29 (+0.37), and 0.96 (+0.08) nmol of C2H4 per h per plant, respectively. These three values were not significantly different at the 1% level of confidence.
Nodule number (+ standard error) was also not affected by the transfer of tfx to TAl. Clover roots inoculated with TA1, TA1::10-15, and TA1::12-10 had 6.4 (±0.4), 4 .4 (±1.0), and 7.8 (+1.4) nodules per plant, respectively. Nodule number did not differ significantly between the three treatments at the 1% level of confidence.
Nodulation competition experiment. When the trifolitoxinproducing exconjugant TAl::10-15 was coinoculated with 2046 at an inoculum ratio of 1.6:1, the trifolitoxin-producing exconjugant occupied 91% of the nodules while the reference strain occupied 41% (Table 2 , Fig. 5 and 6 ). The two numbers add up to more than 100% owing to dual-strain occupancy of 32% of the nodules. When the trifolitoxinminus exconjugant TA1::12-10 was coinoculated with 2046 at an inoculum ratio of 2.4:1, only 19% of the nodules vwere occupied by the trifolitoxin-minus exconjugant, with 100% of the nodules occupied by 2046 (Table 2, Fig. 5 and 6 ). Values followed by the same letter are not statistically different at the 1% level of confidence. Total nodule occupancy appears to be over 100% in some treatments because many nodules were occupied by both inoculum strains. Table 2 lists the nodule occupancy data for these treatments as well as the control and other inoculum ratios.
The trifolitoxin-producing exconjugant TA1::10-15 also occupied significantly more nodules than did wild-type TAl.
At an inoculum ratio of 1.9:1 in the treatment in which wild-type TAl was coinoculated with 2046, 40% of the nodules were occupied by TAl while 90% were occupied by 2046 (Table 2 ). These numbers are significantly different from those mentioned above for the TA1::10-15 plus 2046 coinoculation treatment at the 1% level of confidence. Also, at approximately equal inoculum ratios, the TAl plus 2046 treatment results were not significantly different from the results obtained from the TAl: :12-10 plus 2046 coinoculation treatment at the 1% confidence interval ( Table 2) .
The effect of the insertion of pTFX1 DNA into TA1, apart from trifolitoxin production, on nodulation competitiveness was determined by comparing the relative competitiveness of wild-type TAl and TA1:: significant difference in nodule occupancy was observed when 2046 was coinoculated with either TAl or TA1::12-10 at nearly equal concentrations.
Dual-strain nodule occupancy was observed in up to 36%
of the nodules in certain treatments ( (11, 13) (Fig. 4) . Thus, in order to prevent the loss of the competitiveness genes from the inoculum strains, it is essential to insert the genes into the genome of the inoculum strains. The stability experiments described here stress the necessity for introducing tfx into the genome of effective strains rather than relying on tfx borne on recombinant plasmids.
Furthermore, stable transfer of competitiveness genes to the chromosome of Rhizobium spp. would prevent conjugal transfer of the those genes from the inoculum strain to inferior, indigenous Rhizobium strains in soil. With the marker exchange method described above, the tfx region has been transferred to the genome of R. leguminosarum bv.
trifolii TAl. However, it is not known whether these genes are inserted into the chromosome or the Sym plasmid of TAl. Experiments are in progress to determine the location of the tfx genes. However, since the insert DNA in pTFX1 is of chromosomal origin in T24, it is expected that the region in TAl that is homologous with pTFX1 is also chromosomal. Thus, the tfx genes are probably chromosomal in the TA1::tfx exconjugants. In any case, data are presented here which illustrate the stability of trifolitoxin production in TA1:: [10] [11] [12] [13] [14] [15] (Fig. 3) .
The region in pTFX1 responsible for the marker exchange event has not been identified. However, the tfx region does not appear to be the homologous region responsible for the marker exchange, since stable exconjugants were not obtained when pTFX2 was used in the marker exchange experiments. The plasmid pTFX2 is a subclone of pTFX1 and contains only 25% of the insert DNA of pTFX1, including all of tfx and a TnS insertion (23) . Thus, pTFX2 seems to lack the portion of pTFX1 required for maker exchange.
In order to facilitate selection of the exconjugants, derivatives of pTFX1 were chosen which contained TnS insertions within or adjacent to tfx. These Tn5 insertions served two purposes in these experiments. First, selection for kanamycin resistance during isolation of the exconjugants ensured the exchange of tfx into the genome. Second, the kanamycin and streptomycin resistances expressed by the Tn5 sequence in Rhizobium spp. served as markers for the exchange event.
The nodulation competition experiment described here confirms previous observations that trifolitoxin production increases the proportion of nodules occupied by the trifolitoxin-producing strain (19, 21) . However, the experiments described here extend those observations in two important ways. First, this is the first report of a symbiotically effective, competitive, trifolitoxin-producing strain. These experiments also show that the trifolitoxin-producing exconjugant of TAl is as symbiotically effective as the wild-type TAl strain. That is, trifolitoxin production does not decrease symbiotic effectiveness. The ineffective phenotype of T24 is due to an as yet unidentified mutation rather than to a pleiotropic effect caused by trifolitoxin production.
All previous competition experiments with trifolitoxin production have been done with the ineffective strain T24 or derivatives of T24. Those experiments have shown that trifolitoxin production benefits nodulation competitiveness, but the extent of that benefit was unclear since the competition was done by comparing Fix' and Fix-strains. Ineffective strains commonly induce more nodules on a legume root than do effective strains. Thus, when the percent nodule occupancy is determined in such an experiment, the Fixstrain will always appear to be more competitive than if two Fix' strains had been compared. Thus, with the construction of the TAl::10-15 and TAl::12-10 exconjugants, competitiveness can be assessed without the complication of increased nodulation by an ineffective strain. Nodule number per plant did not change significantly following transfer of tfx to TAl. This implies that the number of infection events is not altered by the ability of a Rhizobium strain to produce trifolitoxin. Also, by constructing both TA1::10-15 and TA1::12-10, strains are available which are isogenic in that they differ only in the location of the TnS insertion within or adjacent to tfx. This allows us to definitively determine the role of functional tfx genes in the expression of nodulation competitiveness.
The data presented here show that functional tfx genes do improve the nodulation competitiveness of TAl (Fig. 5 and  6 , Table 2 ). However, when the inactive tfx region was transferred to TAl for the construction of TAl::12-10, the competitiveness of TAl declined when present at approximately 20-fold-higher levels than 2046 (Table 2 ). This suggests that under certain circumstances the region in pTFX1 responsible for the marker exchange event does provide a certain amount of genetic load that may decrease the fitness of TAl. However, when the functional tfx region is used for the marker exchange, the benefits of trifolitoxin production in enhancing nodulation competitiveness far outweigh any detriment from the burden of carrying more DNA in the cell.
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These experiments represent the first stable genetic transfer of genes involved in nodulation competitiveness to a symbiotically effective strain of Rhizobium. Future efforts must address whether pTFX1::10-15 can be used to produce stable, competitive, effective strains of other rhizobia in R. leguminosarum bv. phaseoli, R. leguminosarum bv. viceae, R. fredii, and R. meliloti. The marker exchange of tfx into Rhizobium spp. by the method described here may be generally useful for providing a competitive phenotype to strains of Rhizobium which permit increased productivity of several legume species.
Trifolitoxin is the most potent antirhizobial bacteriocin known (18) . However, Schwinghamer's (18) assessment of bacteriocin-producing rhizobia among natural isolates from southeastern Australia remains the only example of a systematic search for bacteriocin-producing rhizobia. Among all of the isolates in Schwinghamer's collection, very few excreted a bacteriocin and none of the bacteriocin producers were as potent as T24 (18) . Given the few studies on bacteriocin production by strains of Rhizobium, the significance of bacteriocin production in regulating nodule occupancy in nature is not known. Although potent bacteriocin production by rhizobia may be rare, bacteriocin production by an inoculum strain may be useful in limiting nodulation by indigenous strains. Field inoculation with isogenic recombinant Rhizobium strains which differ only in bacteriocin production, such as those strains described here, will be necessary to determine the agricultural usefulness of bacteriocin-producing Rhizobium strains as part of a solution to the Rhizobium competition problem.
